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Description 

BACKGROUND OF THE INVENTION 
5 Reldofth lnventk)n 

[0001 ] The present invention relates to a cfiffractive optical element having such a grating structure that a ligtit flux of 
a useful wavelength region concentrates at a specific order (design ader), and to an optical system having the drffrac* 
tive optical element 

10 

Description of Related Art 

[0002] While it has t>een practiced to at>ate a chromatic at>erration of an optical system by combining different lens 
materials, another metfiod for at>ating a chromatic aberration by arranging, on a lens surface or within an optical sys- 

15 tem. a diffractive optical element (or a diffraction ^ting) having a diffracting function was disclosed in optical literature, 
such as "International Lens Design Conference (1990)". SPIE Vol. 1354. etc.. and the publications of Japanese Laid- 
Open Patent Applicatior^ No. HEI 4-213421 and IMo. HEI 6^4262 and U.S. Patent No. 5.044,706. This method is 
t>ased on a physical pherK>menon that a direction in which a chromatic aberration takes place for rays of light of a cer- 
tain wavelength region on a refractive surface becomes inverse to tfiat on a diffractive surface. 

20 [0003] Comparing a refractive surface (lens surface) with a diffractive surface in respect of the function on rays of inci- 
dent light one ray of light remains one after r^raction on the refractive surface, whereas one ray of light is split into a 
plurality of rays of different orders when it is drfhacted by the diffractive surface. Therefore, in using a diffractive optical 
element, the structure of grating of tfie diffractive optical el&nent is decided in such a way as to cai^e a light flux of a 
useful wavelength region to concentrate at a specific diffraction order (hereinafter refenred to as the design order). With 

25 a light flux concentrating at a specific cfiffraction order, such as a + first order or a - first order, rays of diffraction light of 
orders other than the specific diffraction order have a low degree of intensity. When the intensity of the rays t>ecomes 
zero, the diffraction light ceases to exist 

[0004] In enhancing the eff idency of diffraction for a diffraction light of an m-th order, a phase difference giving struc- 
ture is arranged to give a phase cfifference of 2 Tcm to rays of each optical path in the diffracting direction. The rays of 
30 light are then caused by this arrang^ent to interfere each other and are tfujs intensified. 

[0005] Rg. 1 2 shows a structural anrangement of a transmission type diffractive optical element 1 . In the diffractive 
optical element 1 . the grating thickness of a cfiffraction grating 3 is assumed to be d and the refractive index of the mate- 
rial of the diffraction grating 3 is assumed to be n. In order to give the phase difference of 2jcm to light of a wavelength 
X of an m-th order of diffraction, the structural arrangement is required to satisfy the following concfition: 

35 . 

27cm = 2fcd(n-1)/X (1). 

[0006] In a case where the condition of tiie fornrula (1 ) atxive is established at each pitch of the grating, the diffraction 
efficiency becomes higher. 

40 [0007] The actual structure of the diffractive optical element which is necessary for attaining this diffracting function 
is called a kinofbrm. There are various known modes of arranging the kinoform structure. In one known mode, spans 
for wfBch the phase difference of 2jcm is given are arranged to continue one after another. In another known nrxxle. a 
continuous phase difference cfistribution of kinoform is approximated stepw^ in a binary shape. In a further krrawn 
nxxje. a minute periodic structure of kinoform is approximated in a triangular wave shape. Each of these structures is 

45 arranged either on the surface of a flat plate or on a convex or concave lens surface within an optical system. Further, 
the diffractive optical element of this type is manufactured, for example, with a mo\d prepared t>y a semiconductor man- 
ufacturing process such as lithography or by machining or with a replica formed on the basis of such a rriold. 
[0008] The diffractive optical element is capable of greatly at>ating a chromatic ak>erTation taking place on a refractive 
surface due to dispersion by a glass material. The cfiffractive optical element can be arranged to have a great at>erration 

50 abating effect, Hke an aspheric lens, by varying the period of its periodic sti^ucture. 

[0009] In the case of the prior example mentioned above, various atjenrations. particulariy a chromatic aberration, are 
lessened by the effect of diffraction. The effect attained by including the diffractive optical element in an optical system 
can be confirmed, for example, on a drawing showing at>errations or the like. However, if the diffraction efficiency is not 
high for the diffraction light of tiie design order, no light rnght be existing there in actuality. It is. therefore, necessary to 

55 have a sufficiently high diffraction efficiency for diffraction fight of design order. Further, in a case where there is any light 
having diffraction orders other than th design order, that light is imaged at a different part fr m where the light of the 
design order is imaged. Such a light thus l>ecorTOSflar light to lower th contrast of an image. Therefore, it is important, 
for any optical syst m that is designed to util'iz a cfiffraction effect, t suffidentfy consider a spectral distrtoution of drf- 
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fra(*on effidency and the behavior of fi^ r. 

[00101 Fig. 13 shows the spectral characteristic of diffraction effidency obtained for a specific diffraction order with 
the diffractive optical element shown in Rg. 12 fornried on a certain surface within an optical system. In Rg. 13. the 
abscissa axis indicates wavelength and the ordinal axis indicates the diffraction efficiency. The diffractive optical' ele- 
ment is designed to hav the diffraction efficiency become highest at the first order of diffraction (shown in a fiiD fine 
curve in Rg. 13). In other words, the design rder is the first order. Rg. 13 further shows the (fiffraclion efficiency for 
diffraction orders near the design order, i.e.. the zero order and the second order ((1 ± 1)-th order). As shown in Rg. 13, 
at the design order, the diffraction efficiency becomes highest at a certain wavelength (hereinafter refen-ed to as a 
"design wavelengthT and gradually decre^es at other wavelengths. The reason for this is as follows. The grating thick- 
ness required for making the phase difference 2ji is as expressed by the formuta (1). In a case where the grating thick- 
ness is set to satisfy the condition of this fonnula for the design wavelength, this condition becomes somewhat 
unsatisfied for other wavelengths, thereby causing a drop in diffraction efficiency. 

[0011] The drop portion of the (fiffraction efficiency at the design order becomes diffraction light of other orders and 
comes to appear as flare light In a case where the (fiffractive optical element is provided with a plurality of diffraction 
gratings, the drop in cfiffraction efficiency at wavelengtf^ other than the design wavelength eventually causes a 
decrease in transmission factor. 

[001 2] In view of the above problem, the inventor of the present invention has developed a cfiffractive optical element, 
as disclosed in Japanese Patent Appfication No. HEI 8-307154. which has a grating structure as shown in Rg. 18. Iri 
the grating structure shown in Rg. 13, a plurality of diffraction gratings including a first diffraction grating 3a and a sec- 
ond diffraction grating 3b. which are made of at least two kinds of materials which differ in dispersion, overiap each 
other. With the diffractive optical element arranged in this manner, its diffraction effidency remains high at the design 
order over the whole region of useful wavelengths, as shown in Rg. 19. 

[001 3] Another diffractive optical element formed by overlaying on each other diffraction gratings of materials of two 
different kinds was disdosed in U.S. Patent hto. 5.01 7,000. etc. This optical element however, relates to a mult?>le focus 
lens and nothing has been cfisdosed with respect to how to enhance its diffraction effidency. 
[0014] Further, the publications of Japanese Laid-Open Patent Applications No. HEI 9-127321 and No. HEI 9-127322 
have disdosed diffractive optical elements arranged to prevent color fluctuations and generation of flare light due to light 
of unnecessary diffraction orders by lowering the wavelengtti dependency of the diffraction effidency. More specifically, 
the diffractive optical element is famed by laminating a plurality of different optical materials (two or three optical mate^ 
rials) with one or two refief patterns formed at the boundary face between the differ^ optical materiate. 
[0015] In the diffractive optical element disdosed in Mhe above Japanese Laid-Open Patent Application No. HEI 9- 
127321 or No. HEI 9-127322. there are two wavelengths at which the phase amplitude becomes "1 \ as shown in Rg. 
15. The diffractive optical element is thus arranged, on the basis of ttiese wavelengths, to have two optimized wave^ 
lengths (design wavelengths) where the maximum diffraction effidency can be obtained. Rg. 16 shows the diffraction 
efficiency obtained at the design order, and Rg. 1 7 shows ttie diffraction effidency obtained aj diffraction orders in the 
neighborhood of the design order. Since tiiere are two design wavelengths, ttie diffraction effidency trends downward 
at either of two ends of ttie us^l wavelength region of 400 nm to 700 nm. In the case of Rg. 16. the drffraclion effi- 
dency drops to a level of 94% or ttiereabout on the side of longer wavelengttis. Then, in inverse proportion to the dif- 
fraction effidency shown in Rg. 16. the diffraction effidency obtained at diffraction orders in the neighborhood of the 
design order increases up to 2% or thereabout on ttie side of tonger wavelengttis. as shown in Rg. 1 7. 
[001 6] Therefore, ttie use of ttie diffractive optical element under special service conditions, for ttie useful wavelengtti 
region of 400 nm to 700 nm has not been always satisfactory for redudng ttie amount of generation of flare light due to 
light of unnecessary orders. The diffractive optical element ttius has been desired to have a higher diffraction effidency 
over ttie useful wavelengtti region. The above-stated special service conditions indude, for exanple, a case where ttie 
diffractive optical element having ttie above-stated diffraction effidency is applied to a photo-taking lens of a camera or 
ttie like. In ttie case of ttie camera, a film is used on an evaluation plane and ttiere are various photo-taking conditions 
(object and exposure conditions) occumng. Among such various conditions, in ttie event of. for exanple. a light source 
of a high degree of luminance existing at a part of ttie object, ttie high luminance light source is saturated more ttian an 
exposure apposite to ttie film while an apposite exposure is adjusted to ottier parts of ttie object in taking a shot. In ttiat 
event since ttie exposure for ttie light source is several times as much as ttie apposite exposure, even a slight amount 
of diffraction light of orders near ttie design order might be multiplied several times. Then, ttie slight amount of diffraction 
light tends to result in flare light around the light source, like a halo. 

BRIEF SUMMARY OF THE INVENTION 

[0017] It is an object of ttie invention to provide a diffractive of^ lement, or an optical system having tti diffractive 
optical element which has a high diffracti n effid ncy over ttie whole useful wavelengtti regfon witti ttie amount of 
unnecessary diffraction light made small. 
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[0018] Toattainth above object, nri accordance with an aspect of th invention, there is provided a cfiffractiv opticaJ 
element, which is formed by laminating at le^ three layers cf cfiffraction gratings mad of at least three kinds of mate- 
rials which differ in dspersion. wherein at least three design wavelengths ar set 
[001 9] The cfiffractive oplicai element according to the invenljon has the foOowing features. 

5 [0020] In the diffractive optical element according to the invention, the above-mentioned at least three layers of dSf- 
fraclion gratings are laminated n a base plat . and. letting the diffraction gratings be assumed to be a first cfiffraction 
grating, a second diffraction grating and an L-th diffraction grating, as counted from the base plate, a grating thickness 
of the first diffraction grating be denoted by d1. a grating thickness of the second diffraction grating be denoted by d2. 
a grating tfiickness of the L-th diffraction grating be denoted by dU a refractive index of the first diffraction gratir^ at a 

10 wavelength X be denoted by n1 (A.), a refractive index of the second diffraction grating at the wavelength X be denoted 
by n2(A.). a refractive index of the L-th diffraction grating at the wavelength X be denoted by nL(X). an art)itrary wave- 
length within a useful wavelength region be denoted by XO, and a design order of diffraction be denoted by m. it is pref- 
eratde to satisfy the following condition: 

^5 0.9217 ^ {(n1 (^0) - 1) d1 ± (n2 {XO) - 1) d2 + ± (nL {XO) - 1) dL) / mXO ^ 1 .0783 . 

[0021 ] Further, in the diffractive optical element according to the invention, the above-mentioned at least three layers 
of diffractkxi gratings are laminated on a base plate, and, letting the diffraction gratings be assumed to be a first diffrac- 
tion grating, a second diffraction grating and an L-th diffraction grating, as counted from the base plate, a grating tiiick- 

20 ness off the first diffraction grating be denoted by d1 , a grating thickness of the second diffraction grating be denoted by 
d2. a grating thickness of the L-th cfiffraction grating be denoted by dU a refractive index of the first cfiffraction grating at 
a wavelength X be denoted by n1 (X), a refractive index of the second diffraction grating at the wavelength X be denoted 
by n2(X). a refractive index of the L-th diffraction grating at the wavelength X be denoted by nL(X), an art>itrary wave- 
length within a useful wavelength region be denoted by XO. and a design order of diffraction be denoted by m, it is pref- 

25 eraWe to satisfy the foflowing condition: 

0.8755 <, {(n1 (XO) - 1) d1 ± (n2 (XO) - 1) d2 + ± (nL (XO) - 1) dL} / mXO ^ 1 .1245 . 

[0022] In a nrxxle off the diffractive optical elenront according to the invention, the design wavelengths include at least 
30 two design wavelengths which are shorter than a center wavelength of a useful wavelength region. 

[0023] In another mcxJe of the diffractive optical element according to the invention, the us^I waveler^gth region is a 
visWe spectrum. 

[0024] In a further nrxxJe of the diffractive optical element according to the invention, the diffraction gratings made of 
at least ttiree kinds off materials which differ in dispersion include at least one kind of grating structure whose grating 
, 35 thickness within one period nronplorrausly increases between materjals which differ in dispersion and at least one kind 
of grating structure whose grating thickness within one period monotonously decreases between materials which differ 
in dispersfon. 

[0025] In a still further nrxxle of the diffractive optical element according to the invention, tiie first diffraction grating 
and the base plate are made of the same material. 
40 [0026] Further, there is provided an optical system as a part of which one of the above diffractive optical elements 
according to the inventicxi is used. The optical system includes, in particular, an image forming optical system and an 
ot)sen«tion optical system. 

[0027] The above and other objects and features of the invention will become apparent from the following detailed 
desCTiption of f)referred embodiments tfiereof taking in connection with the accompanying drawings. 

45 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 
[0028] 

50 Rg. 1 is a plan view showing essential parts of a diffractive optical element according to a first embocfiment of the 
invention. 

Rg. 2 is a sectional view taken along a line A-A' of Rg. 1 . 

Rg. 3 is a graph for explaining the phase amplitude of the diffractive optical element according to the first embodi- 
n^ent 

55 Rg. 4 is a graph showing the diffraction efficiency obtained at a design order of the cfiffractive optical element 
according to the first embodiment. 

Rg. 5 is a graph showing the diffraction eff id ncy obtained at orders near the design order of th cfiffractive optical 
element accordng to th first embodiment 
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Fig. 6 shows a diffractive lens to wtiich the diffractive optical element according to the f ir^ enrtxxiinnent is appfiedL 
Fig. 7 is a sectional view showing a binary grating shape related to the diffractive optical element aocorefing to the 
first embodiment 

Fig. 8 is a sectional view showing essential parts of a diffractive optical element according to a secorxi errtxxf ment 
5 ofth invention. 

Fig. 9 is a sectional view showing essential parts of a cfiffractive optical element accorcfing to a third errtediment 
of the inventicyi. 

Fig. 10 schematically shows an optical system using the diffractive optical element according to a fourth emtxxfi- 
ment of the invention. 

10 Fig. 1 1 schematically shows arK3ther optical system using the diffractive optical element accorcfing to a fifth errtxxl- 
iment of the invention. 

Fig. 12 is a sectional view showing by way of exarrple the arrangement of essential parts of the converrtional dif- 
fractive optical element 

Fig. 13 is a graph showing the diffraction efficiency of the conventional diffractive optical element 
15 Fig. 14 is a sectional view sfK3wing another example of conventional diffractive optical element. 

Fig. 15 is a graph sfrawing the phase amplitude of the conventional cfiffractive optical element of Rg. 14. 

Fig. 1 6 is a graph showing the diffraction efficierK^y obtained at a design order of the conventional diffractive optical 

element of Fig. 14. 

Fig. 1 7 is a graph showing the diffraction efficiency obtained at orders near the design order of the conventional 
20 diffractive optical element of Fig. 14. 

Fig. 18 is a sectional view showing essential parts of a diffractive optical system disclosed in Japanese Patent 
Application Uo. HEI 8-307154. 

Fig. 19 is a graph shewing the cfiffraction efficierKry of the diffractive optical system disclosed in Japanese Patent 
Application No. HEI 8-307154. 

25 

DETAILED DESCRIPTION OF THE INVENTION 

[0029] Hereinafter, prefen-ed embodments of the invention will be descrft>ed in detail with reference to the drawings. 
[0030] Rg. 1 is a front-view shewing a cfiffractive optical element according to a first embocfiment of the invention. 
30 Referring to Rg. 1 . the diffractive optical element 1 is composed of a cfiffraction grating part 3 formed on the surface of 
a base plate 2. 

[0031 ] Rg. 2 is a sectional view of the diffractive optical element taken along a line A-A' of Rg. 1 . The diffractive optical 
element 1 is shown in a shape which is exaggerated in the direction of depth of diffraction gratings. The sectional sfiape 
of the diffractive optical element 1 includes a first diffraction grating 3a formed on the base plate 2, a second diffraction 
35 grating 3b formed on the first diffraction grating 3a. and a third diffraction grating 3c formed on the secorxJ diffraction , 
grating 3b. These diffraction gratings 3a, 3b and 3c are laminated one on top of another. 

[0032] Further, the shape of each cfiffraction grating in the tirst embcxJiment is such that the grating thickness of the 
firs* and ttiird cfiffraction gratings 3a and 3c is arranged to monotonously decrease from left to right within one period, 
as viewed in Rg. 2. while the grating tNckness of the secorxi diffraction grating 3b is arranged to morxrtoncxisly 

40 increase within one period. Thus, at least one diffracticxi grating of the two kirKts of grating shapes d'ifferentiy c^hanging 
the grating thickness is overlaid upon another diffraction grating which is of the other grating shape. 
[0033] Next, a combination of the materials of the first, second and third diffraction gratings 3a, 3b and 3c and a grat- 
ing shape t>y which the diffraction efficiency c:an be enhanced at the design order of a diffractive optical element over a 
wide region of wavelengths are descrbed as follows. 

45 [0034] In the case of an ordinary transmission type single-layer diffraction grating which is to be used in air, as shown 
in Rg. 1 2. a condition for maximizing the diffraction efficiency for a design wave lengtii XO is as follows. When a light flux 
is perpendiculariy incident on ttie diffraction grating 3, the optical patii length difference dO between the crest and the 
trough of the diffraction grating 3 is arranged to be integer times as much as the design wavelengtii A,0, as expressed 
below: 

50 

d0 = (n0-1)d = mX0 (2) 

where nO represents the refractive index of the material at tiie wavelength XO. d represents a grating thickness (differ- 
ence between tfie maximum thickness and the minimum thickness of the diffraction grating), and m represents the 
55 number of a diffraction order 

[0035] When light of a wavel ngth X is perpencBcularly incident on th diffracti n grating which has an optical path 
ler)gth difference d(A.), the diffracti n efficiency n of the ordinary single-layer diffractive optical elem nt can be 
expressed as follows: 
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Ti =sinc^{d(X)/mX-1) 
= sinc^{(n{A.)-1)d/mX-1} 



(3) 



wher n(>.) represents the reffractiv irKJex o1 the mat^ial (trtained at the wavelerigth X. 

5 [0036] A iinitilayerdHfractive optical element wmichB CO as 
the single-teyer diffractive optical element In order to hav the multaayer diffractive optical elemerrt act as on diffrac- 
ti n grating through all the component layers, an optical path length difference d(X) is obtained from the grating thick- 
ness of each cfiffraction grating. Th^, with the optical path length difference values obtained for all the layers are added 
together to obtain a sum. The multilayer diffractive optical element is formed in such a way as to make the sum integer 

70 times as large as the design waveler^gth. In Rg. 2, the first embodiment is arranged to be a three^ayer diffractive optical 
element. However, the invention is not limited to tfiis structure but is applical)le to a diffraction grating structure com- 
posed of more than three laminated layers. In this case, the grating thickness is assumed to be a difference between 
the maximum thickness arxj the nrdninuim thickness within one period of each diffraction grating, arxJ the refractive 
index at the wavelength AjO of the material of the L-th layer is assumed to be nOL Then, a fomiula which applies to a 

15 multilayer diffractive optical element and corresponds to the fornrwia (2) can be expressed as follows: 



[0037] The same concfition that has been described above for the single-layer diffractive optical elOTent applies also 
20 t the multilayer laminated type diffractive optical element from the viewpoint of a differer^ce in optical path length. In the 
case of the multilayer (fiffractive optical element, when light of a wavelength X is perpendicularly incident on the diffrac- 
tion grating having the optical path length difference d(X), its diffraction efficiency t>ecomes as expressed by the fol- 
lowing fonmula: 



where nL(X) represents the refractive index obtained at the wavelength A. of the material of the L-th layer, i.e., the L-th 
30 diffraction grating. 

[0038] With diffractbn of light to the left from the zero-order diffraction ligfit as viewed in Rg. 2 assumed to be in a 
positive Effraction oider, the sign "i" shown in the formula (5) alxjve becomes as follows. A grating shape in which the 
thickness of grating decreases from the left to the right as viewed in Rg, 2, i.e., the shape of the cfiffraction gratings 3a 
and 3c, is deemed to be in the positive direction of diffraction. Conversely, a grating shape in which the grating thickness 
35 increases from the left to the right, i.e., the shape of the diffraction grating 3b, is deemed to be in the negative direction 
of diffraction. 

[0039] It is a feature of the invention that there are three wavelengths at which the diffraction efficiency is at a maxi- 
mum rate to satisfy the formula (4) within the useful wavelength region, that is, there are three design wavelengths. 
Compared with the arrangements of tf^ prior example, the anrangement of the invention gives a higher rate of diffrac- 

40 tion efficiency over the vA\o\e region of useful wavelengths. 

[0040] The embodiment of the invention is further described on the basis of its practical arrangement by way of exam- 
ple as fblbws. In the case of one exanrple, the useful wavelength region is a visual specbum, the design order of the 
diffraction grating is a + first order (m = 1), and there are three design wavelengths. In this case, at least three kinds of 
materials which differ in dispersbn are required. For simplification of description, the cfiffractive optical element is 

45 assumed to be of a minimum feasible structure corrposed of three layers of diffraction gratings made of three different 
kinds of materials. 

[0041] With the useful wavelength regk>n assumed to t>e the visble spectrum, the diffractive optical element is 
assumed to have three design wavelengths, i.e., a wavelength of 410 nm, the wavelength of F-line and the wavelength 
of C-line. In this case, a plastic resin material, PMMA (nd = 1.49171, vd = 57.4), is used for the first diffraction grating 
50 3a. A plastic resin material, PC (nd = 1 .58306. vd = 30.2). is used for the second diffraction grating 3b. An ultraviolet 
curable resin. HV16 (nd = 1 .5980, vd = 28.0). which is a product of ADEERU Co.. is used for the third cfiffraction grating 
3c. 

[0042] Accordngly. the refractive index n1 of the first diffraction grating 3a is 1 .50634 at the wavelength of 41 0 nm, 
1 .49773 at the wavelength of F-fine. and 1 .4891 7 at the wavelength of C-Jine. The refractive index n2 of the second dif- 
55 fraction grating 3b is 1 .61362. 1 .59679 and 1 .57750 at these wavelengths, respectively. Ihe refractive index n3 of the 
third diffraction grating 3c 1 .63482. 1 .61319 and 1 .59183 at these wavelengths, respectively. Therefore, according to 
the formula (4), there ar estatrffehed the folicwing formulas: 



(nOI -1)d1 ±(n02-1)d2± ± (nOL- 1)dL = mXO 



(4). 



26 



T,=:sinc^{d(A.)/mX-1} 

= sinc^ [{(n1(X) - 1) d1 ± (n2(X) - 1) d2 ± ± (nL(X.) - 1) dL) / mX - 1] 



(5) 
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(1.50634 - 1) d1 + (1.61362 - 1) d2 + (1 .63482 - 1) d3 = 0.41 (6) 

(1.49773 - 1) d1 + (1.59679 - 1) d2 + (1.61319 - 1) d3 = 0.48607 (7) 

5 (1.48917 - 1) d1 + (1.57750 - 1) + (1.59183 - 1) d3 = 0.65627 (8). 

[0043] Since there are three variables for these three formulas, the thicknesses of the materials which satisfy all of 
these formulas can be univaiently obtained. The solution of these formulas gives the values of grating thicknesses d1 , 
d2 and d3 as follows: d1 = 27.50 jun. d2 = -36.22 pm and d3 = 1 3.73 ^im. The grating thickness d2 k in a negative value 

10 in this case. Th^ means that the purpose of the structural arrangement can be attained by causing the increase and 
decrease of tfie grating thickness d2 to be inverse to those of the other grating thicknesses d1 and d3. The diffraction 
efficiency t) obtained at tfie wavelength of 41 0 nm and the wavelength of F-line arxi the wavelength of C-line becomes 
T| = 1 .00, which is a maximum value, because the value inside "( )" of the formula (5) is obtained as "0" from "cK) = mX 
[0044] The diffraction efficiency for light of other visble wavelengths is next obtained. Since tfie grating thickness has 

IS already been decided* the cfiffraction efficiency for each wavelength is computed according to the formula (5). Rg. 3 
shows values of the phase amplitude d(X)/mX obtained for the respective wavelengttts. Fig. 4 shows values of the dif- 
fraction efficiency obtained at the design order for the respective wavelengths. Rg. 5 shews values of the diffraction effi- 
ciency obtained at diffraction orders near the design order (zero and second orders) for the respective wavelengtte. 
[0045] As is understandat^le from Rg. 3» there are three design wavelengths where tfie phase amplitude becomes "1 " 

20 v«thin the vistole spectmm. Further, the values of the phase amplitude at wavelengths other than the design wave- 
lengths do not exceed 5%. This indicates that the diffraction efficiency at the design order is excellent and is at least 
99% for the whole region of useful wavelengths. Further, the diffraction efficiency at other diffraction orders near the 
design order (zero and second orders) is also good as it takes a low value only equal to or less than 0.3%. 
[0046] With the materials appositely selected as described above, the diffractive optical element is formed to have a 

25 high cfiffraction eff icterK:y for the wfx)le useful wavelength region. 

[0047] The atx>ve description shows that a diffractive optical element wfiich is capable of satisfying conditions for 
attaining the object of the inverttion can be formed by selecting a combination of materials of tfuee differerrt kinds. In 
actually carrying out the invention, however, a search for the combination of materials and the grating tfiickness is made 
in the order of procedures reverse to the desaiption given in the foregoing. For example, a rate of diffraction efffoiency 

30 as desired is first decided. If the desired rate of diffraction efficiency is equal to or abCNe 98%. the diffraction efficiency 
Ti can be expressed as follows: 

Ti = sinc^ (d{X) / mX - 1) s 0.98 . 

35 . [0048] Then, the diffraction efficiency of at least 98% cari t>e obtained for the whole.useful wavelength region if Z6{X) 
I mA." satisfies the following condition: 

0.921 7 <, d(X) / mX ^ 1 .0783 (9). 
40 [0049] The above-stated optical patii length difference 

d(X) = (n1(X) - 1) d1 ± (n2(X) - 1) d2 ± ± (nL(X) - 1) dL 

is sitetituted into the formula (9) to obtain the following expression: 

45 

0.9217 <. {(n1(X) - 1) d1 ± (n2(X) - 1) d2 ± ± (nL(X) - 1) dL} / mX ^ 1 .0783 (10). 

[0050] In the last place, a search is made for the refractive index of materials and the grating thickness which satisfy 
the condition expressed t>y tiie formula (10) atx>ve. Then, the sfiape of grating and the materials to be ennployed are 
50 decided according to the result of the search. In a case where a rate of diffraction efficiency which is at least 95%. 
instead of 98%. is acceptable, the formula (10) becomes as shown below: 

0.8755 <. {(n1(X) - 1) d1 ± (n2(X) - 1) d2 ± ± (nL(X) - 1) dL} / mX <. 1.1245 (1 1). 

55 [0051 ] Such a modification increases the kinds of rriaterials wtvch can t>e coiTt>ined with each other and thus broad- 
ens the range of selection of such materials that ar inexpensiv arxi excel in durability. 

[0052] In th foregoing, a diffractive optical element fiaving three design wavelengths, the three layers of mat rials 
andtheshap of grating have been described. In this case, as apparent from the graph of the phase amplitud ofRg. 
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3,th rate of Chang in phase amplitud s great at shorter wavelengths. Therefore, rt is preferabl to have at least two 
of the three design wavel ngths on the shorter wavelength side of the c^er wavelength of the useful wavelength 
region. With the design wavelengths arranged tn ttiis manner, the value of the phase amplitude can be lessened over 
the who! region of useful wavelengths and th rate of diffraction effictency can t>e enhanced. 

5 [0053] The rate of change in phase ampfitude can t>e lessened by arranging a diff^ence in wavelength between th 
design wavelengtf^ to be at least 50 nm. By virtu of such an arrangement evai if the phas amplitude has some en^or 
due to a manufacturing error, etc., the eventual change in diffraction effiderH:y can be lessened. 
[0054] The diffraction grating shape has been descrft>ed by limiting it to a sfiape obtained within one period of diffrac- 
tion grating. However, it is known that the diffraction ^idency is basically not affected by the pitch of diffraction grating. 

10 In other words, the arrangement of the f irst embodiment descr9:>ed above s applicat>le not only to the one-dimer^ional 
diffraction grating shown in Fig. 1 but also to diffractive optical elements of any different grating pitch shapes, indudir^ 
a diffractive lens shown in Fig. 6. 

[0055] Further, the sectional shapes of grating include a kinoform sfiape as shown in Fig. 1 and a stepped shape as 
shown in Fig. 7. However, the invention is not Bmited to these shapes but applies to any other known shapes. 

IS [0056] However, in the case of the stepped shape shown in Fig. 7. the actual grating tfiickness dU is in the following 
relation to the grating thickness dL of the kinoform shape: dL = dL * (N - 1) / N . where N represents the number of 
steps of the stepped grating. In a case where the diffractive optical element is in the stepped shape, the actual grating 
thickness d' cfiffers from the grating thickness d used in deciding the optical path length difference. 
[0057] The first embodiment as described above is a diffractive optical element havirrg a diffraction grating part 

20 arranged on a flat plate. However, the same advantageous effect can be attained by arranging the diffraction grating 
part on a cun^ed lens. 

[0058] In the first embodiment, the first diffraction grating is formed on the base plate. The base plate and the first 
diffraction grating may be molded together by mokfing one and the same material. 

[0059] Further, in the first embodiment the design diffraction order is the first order. It is. however, not limited to the 
26 first order. With the design order an-ar^ed to be other than the first order, such as the second order, the same advan- 
tageous effect is attainable by setting a composite optical path lerrgth difference, with respect to at least three wave- 
lerigths. in such a way as to have the design wavelengths at the desired diffraction order. 

[0060] Next, a diffractive optical element according to a second embodiment of the invention is descried as follows. 
[0061 ] In the first entxxfiment, a cfiffractive optical element having three design wavelengths is formed by diffraction 

30 grating in a structure composed of three layers, which are least in numt>er according to the invention. For that reason, 
a grating surface is formed even at the last erxJ part of the diffraction grating. In the second embodiment, on the other 
hand, the last end part of its diffraction grating structure is arranged to be a flat surface by adding another d'rffraction 
grating 3d as shown in Rg. 8. In this case, since there is no diffraction surface at the last end part, the provision of the 
additional diffraction grating 3d obviates the necessity of the arrangement to prevent dust from sticking to a grating 

35 groove or to add ari anti-reflection coating, so tfiat the second emtxxiiment can be handled rrxxe easily as an element 
thian the first embodiment. 

[0062] A diffraction optical element accorcfing to a third embodiment of the invention is next described. 

[0063] In each of the first and second embodiments, the thickness of the thinnest part of each of the second and third 

diffraction gratings 3b arxi 3c is arranged to be "0". This arrangement has the seoorxj and third diffraction gratings 
40 divided at every grating pitch. In the everrt of manufacture by nrxskling with a moM, such a structural arrangement 

presents a problem, because the diffractive optical element cannot t>e readily peeled off arxj transferred from the moW. 

[0064] To solve tins problem, in the third embodiment, a layer of a material which is the same as the material of the 

second cfiffraction grating 3b is added to the wtide area of the diffraction grating part 3 with a uniform thkdaiess "dofT. 

as sfujwn in Rg. 9. By this additional layer the grating sections of the second dffraction grating 3b are interconnected, 
45 SO that the diffraction grating can be readily peeled off from a mold in the event of moWing by the mold. If the third and 

fourth diffraction gratings 3c and 3d are arranged also in this manner, all the grating parts can be easily moWed. 

[0065] Rg. 10 shows as a fourth embodiment of the invention an optical system using a diffractive optical elem^ 

arranged according to the invention. 

[0066] In Rg. 10, reference numeral 5 denotes a photo-taking lens. A diaphragm 6 and the diffractive optical element 
50 1 according to the invention are disposed inside of the photo-taking lens 5. An image forming plane 7 is a photosensitive 
surface of a film. 

[0067] In this case, tfie phcto-taking lens is set to have a predetermined transmission factor by the sum of the trans- 
mission factor of the refractive lens part and the (Effraction efficiency (transmission factor) of the diffraction grating part 
which is arranged according to the invention. In the case of the conventional diffraction grating, the diffraction eff'tderK^y 
55 (transmission facta) of the diffraction grating varies to a considerat)le degree according to wavelengths as shown in Rg. 
1 3. In rder to obtain a spectral characteristic required for a photo-taking lens, therefor , it has been necessary to us 
a fitter such as a dicfuoic coating for correcting th transmissfon characteristic of th diffractive optical element. Further, 
in order to make the spectral characteristic into the desired characteristic, it is necessary to correct only the color of the 
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spectral characteristic of a composite transmission by dropping the quantity of diffraction Bght of wavelengths n^ th 
design wavelength. As a result. It has been inevitat)! to have a relativ^y larg amount of loss in th quantity of light 
[0068] Accordingtoth invention, on the other hand, the diffractive optical el mert B ana^ 
efficiency at a high rate for the useful wavelength re^oa Therefore, the diffracliveopticaJ element can be handled in the 
same manner as an ordinary refractive lens without necessitating use of any special coating. Further, since the diffrac- 
tion efficiency at orders near the design order of diffraction is aiequately suppressed, the generation f flare light under 
the unusual photo-taking condition mentioned in the fore^ing can be greatly reduced. 

[0069] In the case of Fig. 10. the diffractive optical element is disposed on a plate glass surface in the neighborhood 
of the diaphragm. However, the position of the diffractive optical element is not limited to this position. The diffractive 
optical elemert may be ananged on a cun^ed lens surface, such as a corivex or concave surface. It is ^ 
use a plwality of diffractive optical elements within the photo-taking lens. 

[0070] In the case of the fourth embodiment, the invention is applied to the photo-taking lens of a camera. However, 
the invention is not limited to this. The same advantageous effect can be attained by applying the invention to a pholo- 
taWng lens of a video camera, an image scanner of a business machine, a reader lens of a digital copying machine, etc. 
[0071] Rg. 1 1 is a sectional view showing as a fifth embocfiment of the invention an optical system using a diffractive 
optical element arranged according to the invention. 

[0072] The optical system shown in Rg. 1 1 is an obsenration optical system of a binocular or the like. The observation 
optical system includes an objective lens 8, an image inverting prism 9 for erecting an image, an eyepiece lens 10, and 
an evaluation plane (pupil surface) 11. In Rg. 11. reference numeral 1 denotes a diffractive optical element arranged 
according to the invention. The diffractive optical element 1 is provided for the purpose of correcting a chromatic aber- 
ration, etc.. of the objective lens 8 on the image forming plane 7. 

[0073] In the case of the fifth embodiment, the cfiffractive optical element 1 is disposed on the side of the objective 
lens 8. However, the position of the diffractive optical element 1 is not limited to this position. The same effect can be 
attained by setting the diffractive optical element 1 on the surface of the prism 9 or inside of the eyepiece lens 10. How- 
ever, with the diffractive optical element 1 set on the otjject side of the image fomning plane 1 1 . it senses to abate a chro- 
matic aberration caused solely by the objective lens 8. Therefore, in the case of an observation system for observation 
with the eye. it is preferable to have the diffractive optical element 1 set at least on the side of the objective lens. 
[0074] Further, in the case of the fifth embodiment, the invention is applied to a binocular. However, the same effect 
is attainable by applying the inventkm to a terrestrial or astronomical telescope or to an optical viewf inder of a lens-shut- 
30 ter camera, a video camera, or the like. 

[0075] Accordng to the arrangement of each embodiment dfedosed. a plurality of diffraction grating are appositely 
laminated on a base plate. By this arrangement, a cfiffractive optical element and an optical system having the diffractive 
optical element can be arranged to have a high rate of diffraction efficiency to lessen unevenness of color over the 
whole useful wavelength region. 
35 [0076] In a diffractive optical element which is formed.by faminating at least three layers of diffraction gratings made 
of at least three kinds of materials which differ in dispersion, at least three design wavelengths are set. 
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Claims 

40 1 . A diffractive optical element formed by laminating at least three fayers of diffraction gratings made of at least three 
kinds of materials which differ in dispersion, wherein at least three design wavelengths are set 

2. A diffractive optical element according to daim 1 . wherein said at least three layers of diffraction gratings are fami- 
nated on a base plate, and, letting said diffraction gratings be assumed to be a first diffraction grating, a second 
45 diffraction grating and an L-th diffraction grating, as counted from the base plate, a grating thickness of the first dif- 
fraction grating be denoted by d1 . a grating thickness off the second diffraction grating be denoted by d2. a grating 
thickness of the L-th diffraction grating be denoted by dU a refractive index of the first diffraction grating at a wave- 
length X be denoted by n1(X). a refractive index of the second diffraction grating at the wavelength X be denoted by 
n2(>.), a refractive index of the L-th diffraction grating at the wavelength X be denoted by nL{X), an aibiti^ry wave- 
so lengtii within a useful wavelength region be denoted by XO. and a design order of diffraction be denoted by m. the 
following condition is sat^ied: 

0.9217 ^ {(n1 (XO) - 1) d1 ± (n2 (XO) - 1) d2 ± ± (nL (XO) - 1) dL} / mXO ^ 1.0783 . 

55 3. A diffractive optical element accordng to daim 1 . wherein said at least three layers of diffraction gratings are fami- 
nated on a bas plat . and. letting said diffraction gratings be assumed to be a first Effraction grating, a second 
diffraction grating and an L-th diffraction grating, as counted from the base plate, a grating tftickness of the first dif- 
fraction grating be denoted by d1 . a grating thickness of the second diffraction grating be denoted by d2. a grating 
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thickness oJ the L-thdHhaction grating be denoted by dU a refractive index of the first '^^'^jf"^^^;^ 
length X be denoted by n1 (X), a refractive index of 1h second diffraction grating at the wavelength X bedded by 

SJaS^SeindLoJtieL^difhaCi -^^^^-^^^^''^^J^'^tT^^:!^ 
I rU vrthin a iKeful v«velength region be denoted by XO. and a design onler of diffrac^^ 

following condition is satisfied: 

0.8755 <. {(n1 {XO) - 1) d1 ± (n2 {XO) - 1) d2 ± ± (nL (XO) - 1) dL} / mXO 5 1.1245 . 

A dffractive optical element according to daim 1 , wherein the design wavelengths include at least two design wave- 
lengths which are shorter than a center wavelength of a useful wavelength region. 

A diffractive optical element acconfing to daim 4. wherein the useful wavelength region is a visible spectrum. 

A dHfractive optical element according to daim 1. wherein said diffraction gratin^made of 
materials whSerindispersionindude at least one Wndof grating stnicturej^ 

period monotonously increases between materials whi* differ in dispersion and at 

STe whose grating thidoiess within one period monotonously deaeases between matenals whKrf, differ .n disper- 

sion. 

A diffractive optical element accorfing todaim 2. wherein said first diffraction grating and said base plate are made 

of the same material. 

8. Adiffractiveopticalelementaoco.dingtodaim3.whereinsaidfirstdiffractiongratingandsaidbasep^^ 
of the same material. 

9 Adiffractive optical elementformed by laminating a firat diffraction grating, a second ^-Waction grating and anL-th 
diffraction gSg. wherein, letting a grating thido^ess of the first be f^^^'^^'^ 

thidaiess of the second diffraction grating be denoted by d2. a grating *»<*ness of tt^-th ^-Hrarton gratingly 
denoted by dU a refractive index of the first diffraction grating at a wavelength X bedenoted by n1 
Lex of ttiseconddiffraction grating atthewavelengthXbe denoted by n2(X).arefractive.r^ 
tion grating at the wavelengthXbe denoted by nUX). an arbitrary wavdengthwith.nauseful*«^^^ 
denrted by XO. and a design order of diffraction be denoted by m. the following condition is satisfied. 

0.9217 S {(n1 (XO) - 1) d1 ± (n2 (XO) - 1) d2 ± ± (nL (XO) - 1) dL) / mXO :£ 1 .0783 

10.' A diffractive optical element accoiding t^ claim 9. wherein the useful wavelengtti region is a visible spectrum. 

A diffractive optical element formed by laminating a first diffraction grating, a second ffractong^^ anL-th 
drffraction grating, wherein, letting a grating thidaiess of the first d«hBOtion grating be ^^;°^^-^J^^ 
thidoiess of the second diffraction grating be denoted by d2. a grating *.ckness of fteL-th d-Hracbon graftngbe 
denoted by dU a refradive index of the first diffraction grating at a wavelength X bedenoted by n (X). a rehac^e 
i«Jex of the second diffraction grating atthewavelenglhXbe denoted by n2(X).arefracti>«index 
tion grating at the wavelengthXbe denoted by nUX). an aibitiarywavelengtiiwittiinausefulv^^^ 
denrted by XO. and a design order of diffraction be denoted by m. the following condition is satisfied: 

0.8755 5 {(n1 (XO) - 1) d1 ± (n2 (XO) - 1) d2 ± ± (nL (XO) - 1) dL} / mXO ^ 1.1245 . 

12. A diffractive optical element according to daim 1 1. wherein the useful wavelengtti region is a visible spectrum. 

13. An optical system conprising a diffractive optical element according to one of daims 1 to 12. 

14. An optical system according to daim 13. wherein said optical system is an image forming optical system. 

15. An optical system according to daim 13. wherein said optical system is an observation optical system. 

16. A camera comprising an optical system according to daim 13. 

17. An optical apparahjs comprising an optical syst m according to daim 13. 
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